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~, stationary high field domain of a GaAs FRI reduces device efficiency, but is usually
not a destructive mechanism. Spontaneous avalanche in the gate-drain depletion
region of the GaAs FETcan spread to the drain and substrate leading to device
failure.

The intrinsic switching frequency of a logic device could approach , but not
exceed , f1. In an IC , the switching speed depends mainly on g of the device and
capacitive loading of the circuit. Nonuniformity in the device”~nd circuit parameter~up to 10% would not significantly affect IC performance.
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DYNAMIC EFFECTS OF AVALANCHE -GEN ERATED CARRIERS

a
Abstract

Dynamic effects of avalanche process on bipolar and field-effect transistors were
investigated via a two-dimensional time-domain computer program. Fundamental proper-
ties of GaAs and Si MESFET logic devices were also studied. The investigation of avalanche
effects in bipolar devices ranged from weak avalanche multiplication (which could be
used to improve device performance) to very strong spontaneous avalanche (which could
result in second breakdown) . All of these effects can be explained on the basis of avalanche-
generated majority carrier flow in the lateral direction of the base.

The avalanche process in the GaAs FET could be initiated in the stationary high-
field domain and/or the depletion region between the gate and the drain. The time con-
stants of the avalanche are quite different in these two regions and produce different
effects. Simulations of the Avalanche Memory Triode (AMT) indicated that in addition
to possessing a dynamic memory the device has a switching speed several times faster
than that of an equivalent bipolar transistor. However , high power dissipation makes
the device not viable for large-scale IC applications.

The effort on logic device study was redirected to MESFETs (mainly GaAs FET).
The intrinsic switching speed, optimum device, and operating parameters were investi-
gated. It was found that under ideal conditions the switching frequency can approach ,
but not exceed , f1.
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Objectives and Effort s

The object of the study was to simulate the dynamic effects of avalanche-generated
carriers on transistors and the avalanche memory triodes. The simulations were to be
carried out using a two-dimensional time -domain computer program originally developed
under Contract F44620-76 -C-0043 . Refinements on carrier transport in the computer
program were to be made to improve computational stability under strong avalanche con-
ditions. The efforts toward these goals are presented under subsections I. Refinements
of computer program ; II. Avalanche orocess in bipolar devices; Ill. Avalanche process
in GaAs FETs; and IV . Simulation of high speed logic. A summary of new findings of
this work is also given.

I. Refinements of Computer Program

In order to take advantage of the fast Fourier method W0f solving Poisson ’s equation ,
it is necessary to solve the carrier transport equation explicitly. In this explicit technique ,
charge conservation and numerical stability are ensured by choosing a time increment
Mt for updating the carrier transport sufficiently small such that t~t t V max < -.

~~~~~~ , where

V max is the max imum carrier velocity and £~X the grid size in the X direction. However ,
for computer economy, Poisson ’s equation is updated in a time increment At~ ~ At~. The
ra t io ~t p/At~ , an integer , ranges from two to twelve. Furthermore , the divdi gent and
gradient operators are presented using a five-point scheme. This shceme allows the use
of either forward or backward difference depending on the direction of carrier motion.

Another improvement on the program is the computation of the emitter and base
junction voltage due to avalanche generated carriers. Previously, this voltage was only
calculated in the junction itself. The new program includes two-dimensional hole current
in the extrinsic base region and an external base resistance as shown schematically in
Figure 1.

In connection with  MESFET logic study a ring oscillator simulation program was
created. The model for the ring oscillator is shown in Figure 2. In this model the device
is characterized by the R-C t ime constant obtained from two-dimensional simulations
and static I-V characteristics. The load capacitance , C, includes the device input capaci-
tance obtained from the 2-D simulation and circuit loading. The drain I-V characteristics
are scaled according to computer i~ 55(Figure 10). In this program , the physical param-
eters can be varied among devices in the ring oscillator; thus , the effects of nonuniformity
in IC processing can be studied.

II . Avala nche Process in Bipolar Devices

Numerical results indicate that the primary effect of avalanche-generated carriers
arises from the majority carrier lateral flow in the base. Such current produces a voltage
drop which is opposite to the normal transistor base current. This hole feedback phenomenon
(in n-p-n devices) can be divided into three regimes, i.e. the CATT regime , the AMT rçgime,
and the second breakdown regime. The CATT regime has been reported previou sly.~2~~
Highlights on the results of the AMT and second breakdown are described here.

Similar to the CATT , the AMT~
9
~ has a bipolar transistor -like structure with a

hyperabrupt collector-base junction. The hole feedback voltage on the emitter-base junc-
tion can be self-sustaining after an input trigger signal. In this self-sustained state , the
output current persists, i.e., the device possesses a dynamic memory. The memory can

2
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be erased h~’ an input trigger of opposite polarity to the “ on” signal. A schematic AMT
circuit and experimental input and output waveform are shown in Figure 3.

The positive feedback effect of the avalanche-generated hole current on the lateral
potent ia l  distr ib ution in the emitter-base junction is shown as a series of snapshots in
Figure 4. This condition arises under a proper combination of the load and base to ground
resista nces. The computa t ion becomes unstable when the current is large. In real i ty,
the load resistance in the collector circuit will arrest the current growth by lowering
the collector volta ge and by reducing the avalanche hole generation. The “on ” state is
a dynami c equilibrium between the jun ct ion voltage and the hole current.  This condition
may be expresse d in a one-dimensional approximation by dV 1~1~/di~~ O. whe r e i~ is  the
hole current which generates the junction voltage. Numerical  re~ ilts also show th a t
the hole feedback increase s the g of the AMT over normal transistor by several t imes.
This increase explains the faster ~ i it chi ng speed of the device since the switching speed
is related to the r at io  g~~. 2 ~C, where C is a total capacitance including circuit loading.

The , AMI’ , i n spite of i ts  superior speed and its latching property, was fou nd not
to he viable for large-scale IC applications. The device requires a high-bias voltage

— 1 5  V) and a m i n i m u m  power d iss tpn t  ton of about 10 mtt ’

Computational  results show that under strong avalanche conditions the collector-
base junct ion  of a transistor can behave like a TRAPATT. A high - field region is formed
near the n~ conta ct of the collector opposite the emitter , and another high-field region
near the base remote fron t the emitter,  as shown in the upper portion of Figure 5. These
high-f ie ld  regions sustain the avalanche process even though \~~-~~~ is reduced b~ t I~e large
current  in the external load. The computer s imulat ion shows a sirong p inch-in ’10 of the
emit ter-base junctio n voltage accompanying the TRAPATT behavior shown in the lower
portion of Figure 5. It is noted t h n t  the model of the emi t te r  base—jun ction in the com-
puter  program is not adequate for very high inj ection conditions. Thus, th i s  pinch-in ef-
fect always leads to numerical  instabil i ty.  Nonetheless , these results suggest that  second
breakdown can be due to avalanche process independent of therm a l  effects.

it ~s believed that  the TRAP.\ T T— l 1k-c behavior is, indeed, the pr imary mechanism
for second breakdown wi th  or wi thout  th ermal  effects. Experiment and computation show
that a hyper abrupt jun ct ion such as that  used in the CATT renders the device less vul-
nerable to TRA PA TT actions . at id  second br eakdown , ther efor e ,  is much less l ik e ly  to
occur. Experime ntal l y ,  all the CATTs and AMTs operate safely without  emi t ter  ballast ,
in contrast to normal transitors.

Ill. A valanche Process in G~t A s  FET

The avalanche process in GaAs PET according to numeric al results can be init iated
in two distinct regions. The t ime constants and consequences of the two can he quite
different.

A t ime sequence of hole density buildup in the s ta t ionary high-field domain of the
conducting channel is shown in Figure 6. As indicated in these snapshots, the t ime re-
quired to form a significant electron-hole pair density (~ l0% of N D ) is a small fraction
of the rf period. This is because there are already a large number of mobile electrons
in the channel and the carrier generation is usually due to single-pass avalanche mult ipl i -
cation. Since these carriers are generated during the peak of rf voltage , the process is
dissipative and th u s decreases device eff icien cy .  h owever, the single-pass ava lrn ch e
mul t ip l ica t or  is not a run away process, and hence is not necessarily destructive.

3 
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Further  t ime  sequence frames showing both types of carrier s in the gate-drain
depletion region are shown in Figure 7. The carriers are generated near the gate where
he electri c field is highest . l’he avalanche spreads in two dimensions — toward the drain

and toward the substrate, a norm al  one—sided gate structure .  (Our s imulat ion employs
a symmetr ic  gate s t ructure for convenience.) The buildup t i m e  of the  avalanche generated
carrie r s to a level , say 10% of channel dop ing, is a lway s longer in the gate depletion region
than in the con(luet ing channel ’s high — fie ld  domain. This is because the avalanche in the
depletion region is in i t i a ted  by a much smaller number of carr iers emanat ing  from thermal
activat i on and/o r leak-age and is a multiple—pass electron—hole feedback process. This
is a r unaway process leading to device destruct ion unless checked by other nonlinear mech-
anisms or by an extern al  means.

It is ot)served in the s imula t ion  of the F 1 I ’  under rf condit ion tha t  in most cases
the m ut t  iplicat ion in the conducting channel  Occurs whi le  the avalanche in the high—fie ld
region of the (leplet ion layer remains negligible.

l~~. S mu at ion of fl i~~ -Sj~~~ I Lo~j e~

Hecause’ the  \ \l 1 was found not to be v iable for large— scale IC , it was decided
to Inve st igat i ’ in stead the basic properti es øf \1 ESE l-~l’ logic device siin’e’ the t ime—domain
pr ogiini is most su i t t t t ) l e  for t h i  purpose . In addi t ion,  a ring oscillator s imulator  was also
ti~ e’(t iii t h U s  s t t i c t ~ ’ . P

\s reported prev iouslv ,~ a M ESE ET behaves like ’ an R( ’ circuit  under impulse
conel it ion. To det erm in c the i nipulse response, the drain current was computed for t ~ 0
whi le  a t i m e  step voltage was applied to the  gate at t ~0. The gate ’ vo ltage was set equal
to pin c h—off  \ HneI the drain voltage ~~ L) “ ~ P The i—t characteristi cs obtained were
ii se’d to de termine  the device ga in—h nnd w i(lth product , f1~, vs gate ’ length . L. E ffects  of
eloping (lensi t y were also studied since it is direc tly rel ated to the op t imum logic swing
and the power—del ay t i m e  product.

\ l l  i —I ch ar acteristi c s obt ai ne(l show tha t  f1, even under velocity saturat ion eon—
(l it ion , is determined by an H— C t i m e  constant.  The usual velocity saturat ion gate transi t
t i m e  I T I. V ,~ doe s not seem too meaningful  in view of the numerical results. Physi cally ,
when the ~1 E~ F El ’  is subjected to the impulse input , the depletion region is enlarged to
pinch off  t h i t ’  dr a in current .  The capacitance which determines the H—C constant arise s
from the amount  of charge, .~.Q. displaced in the depict ion region while  the resistance
is s impl y  the channel  resi stance through which the charge flows.

The R — ( ’  or (1ev tee t i me constant and f-~ are (leterm m e d  from a semi—log plot of
the i— t ch ar acte r i s t i c  as shown in Figure 8. In this  plot, the m a x i m u m  current may he
interpreted as the zero—gate ’ bias satura t ion  current i l)SS. Hence, the on—channel resis-
tance may he es t imated  by the relation r 1) ~ V 1)~ IDSS. and the device input capacitance

~~~ 
I/r 1). The vs gate length for ( aAs and Si ME S~~ET are shown in Figure 9. It may

be concluded tha t  GaAs FETs are about twi ce  as fast as th a t  of Si in logic applicat ions.

The quantities f1, ‘I)SS’ and V p for a 2- h im gate GaAs FET vs (loping density are
shown in Figure 10. Note that  f1 is independent of doping density. This is true because
AQ is proportional to N 1) while r 1) is %i3~ersely proportioned to N j) . The pi n ch—off voltage
and , hence , the opt imum logic swing~” AV is proportional to N j ). Thus, it appears that
one can reduce the P - t j ) product by reducing N D without  sacr ificin g switching speed.
Howe ver , decreasing the logic swing would place st ringent demands on un i f ormi t y  in IC
processing.

_______ _______
_ _



The intrinsic switching speed and the effect of circuit loading are studied by ringoscillator simulations , The voltage waveforms of a 5-stage, 1-~im gate inverter , withuniform devices and no parasitic capacitance , are shown in Figure 11. In Figure 11(a),the load resistors R L are adjus ted until AV= (v~I. In this case, the delay per stage is35 Ps. For TTL as used in Ref. (12), the minimum per stage would be twice as long, or70 ps. According to simulation results, the minimum switching time per device per cycleis approx imately 2 flT , i.e., the maximum switching frequency under ideal conditions is
~~ The delay per stage is increased when the logic swing is increased by increasing R Lor the bias voltage. The waveform for V~=1.4 LW [Fi gure 11(b) ] has a delay per stageof 45 Ps (90 ps for TTL). The increase in the delay is due to the flat re,~ i,~n of the wave-form whil e the device is pinched off. Consistent with the experiment ,’1” the times forswitch-on and switch-off are not equal as shown in the waveform of Figure 11(b). Thisis because switching-on depends on R L-C time constant , while switching off depends onr D-C time constant ,

Effects of nonuniform devices and circuit parameter are demonstrated in Figure 12.The waveforms were obtained by random variations of rD, V0, and R L among the inverters.For a m ax imum var iation of 7% of any of the parameters us~d in describing the five-stagerin g oscillator , the delay per stage was 95 Ps for TTL as compared to 90 Ps in that of Fig-ure 11(b). The waveform becarqç ~everely distorted when the maximum variation wasincreased to 70%. As reported ,~14~ the ring oscillator has a narrower range of lower and jupper bias thresholds than theoretical values would indicate. The bias voltage tolerancereduction is apparently due to circuit nonuniformities.

Figure 13 - where it is compared with the experimental result of Ref. (14) - demon-strates that the ring oscillator simulation is realistic. An interconnect capacitance (CLin Fi gure 2) value of 0.02 pf and the known characteristic of the 1-ij m gate device wereused to calculate the delay t ime vs the power for VDD from 0.6 to 1.6 volts. It is inter-esting to note that a minimum exists in both curves.

Note also that  the small (0.02 p1) interconnect capacitance has a rather drasticeffect on the delay time of the enhancement device, which according to Figure 11(a)should have a delay per stage as low as 35 ps. In Figure 13, the delay is about one orderof magnitude larger. The enchancement device, due to the lower doping and hence smallercapaci tance, is inherently more susceptible to capacitive loading. (The effective timeconstant of the circuit is apparently r D(C-I-CL) = t( 1 + CL/C) where CL is load capacitance.)However , the enhancement device is capable of achieving a lower PXt D product comparedto the depict ion device because of its higher r D and smaller logic 

swing.5
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N E W FINDINGS

The sin gle most important dynamic effect of avalanche-generated carriers in the
bipolar transistor and transistor-like devices is the feedback of majority carrier through
the base . This majori ty  carrier (holes in an n-p-n device) current generates a voltage
drop opposite to the normal transistor base current. Under controlled conditions , the
hole feedback increases the device g~ and thus 1T~ 

Using this mechanism , a device of
a give n line resolution car t operate at higher frequency or perform faster switching than
an equivalent  transistor.

U ncontrolled avalanch e process in bipolar devices could cause the collector-base
junct ion  to behave like a T R A P A T T  leading to “second breakdown. ” The i n i t ia t ion of
TRAP AT’!’ can be effect ively i nhibited by the use of hyperabrupt collector-base junction
such as tha t  used in the CAll or AMT . This doping profile could also be used in the nor-
mal  transistor not for the purpose of avalanche mul t i plication as in the CATT, but to pre-
vent the second bre akdown. The transistor so designed would not need emi t te r  ballasting.

The avalanche process in GaAs FET could be init iated in the stationary high-field
domain which reduces device efficiency.  Another more detr imental  avalanche is the one
tha t  is in i t ia ted  in the gate-drain depletion region. This process is spontaneous and could
spread to the drain and substrate causing device destruction.

The 
~T of an FET is determined by an R-C t im e constant even under velocity satura-

tion.  The commonly accepted t ime  constant of gate length divided by carrier saturation
velocity is not very use ful for this purpose .

The GaAs FET logic device has an intrinsic switching frequency approaching 
~T•Since the 

~T is independent of doping density, the P .t D can be reduced by reducing the
doping density.  However , reducing doping density must be accompanied h~’ reducing the
logic swing for optimum operation. Small logic swing imposes a stringent requirement
on un i fo rmi ty  in IC processing.

The logic swing and bias thresholds are l imited by the variabi l i ty  of device and
circuit  parameters in an IC. A maxi mum variation of any of the parameters within 10%
should not significantly affect  the circuit performance.

In practice the switching speed in an IC depends mainly on the 
~m of the device

and the load capacitance of the circuit. Poorly designed IC could therefore have a switch-
ing speed much slower than the 

~T of the active device.

I
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Figure 1. Schematic Representation of the Emitter , Base , and

Collector , and the Externa l Resistance. The hole current
flow is quan tatively indicated by the arrows.
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Figure 2. The Equivalent Circuit of a Ring Oscillator , where

‘Dn ’ R~, and C~ Are , Respectively, the Drain Current , Load
Resistance and Load Capacitance of the n h Inverter.
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Figure 3. (a) Schematic Representation of the AMT Circuit; (b)
a recorder trace of an experimental input waveform V1; (c) the
correspondent output waveform V 2.
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Figure 4. (a) Schematic Representation of the Emitter , Base,

and Collector of the AMT. The portion of the base external
to the emitter is represented by a sheet resistance. The in-
put voltage is indicated. (b) “snapshots” of the voltage (solidline), electron (-), and hole (+) distributions as a function of
the lateral distance from the line of symmetry at various phase
angle values. The extent of the emitter is depicted as the
horizontal line. The vertical scale unit corresponds to 0.1 V
for WEB’ and one decade for the electron or hole current
density.
Note that the hole current grows as a function of 0. The
electron injection follows the voltage. At 0= 2n , the emitter
is forward-biased due to the hole current despite the fact
that the input voltage has returned to zero.

I

I
1’ 11

-

, - T~~T — — -
~~~~~~~~~~~~ 

- 



0 1

IL
( 0 L  F ~T I ) H

~. ~~. ~~. L HAS F

I M I T T I  H

14 1 ---ILL CT HO NS
I ,‘ ‘ ~ • 4, 

* * HO L I  S
4.,

tT ’  •
.

Figure 5. Computer Simulation Result Illustrating the Onset
of the “Second Breakdown ” when the Device ’s Hole Current
Is Sufficient to Provide Large Forward Bias on the Emitter -
Base Junction. Note the pinched-in effect indicated by the
electronic injection (—) shown in the lower portion of the
figure. The central portion depicts the qualitative processes
while the upper portion shows the equipotential contours in
the collector space (normalized voltage , high at the ‘ise-
collector junction and zero at the collector electrode).
Note the focusing effect of the potential contours on the
hole current (4-F ) and also the crowding of the contour lines
in the region remote from the emitter which may lead to
subsequent avalanche.
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Figure 6. Computer Simulation Result Illustrating Two Regions of Avalanche
Multiplication in the MESFET. (The symmetric two-gate structure may
be used to represent the normal one-sided gate FET if the lower half is
considered as a non-conducting substrate.) The vertical and horizontal
scales are not~~he s~pIe; horizontal frame size 8 pm , vertical = 1 pm.
Here n D 10 cm , L = 2p m.  The drain voltage is 45~sin(O/2)
and remains at 45 V for 0� TT , while VSG -2 V for o�0; (2ir 4-10 s).
The upper three frames depict the potential contour , the electron distri-
bution , and the avalanche-generated holes at time 0 1.885. The hole
distributions at 0 2.12 , 2.36, and 2.59 follow. The grey scale of the hole
plotting is 10 times as sensitive as that for the electrons.
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Figure 7. Sequence Continuation of Figure 6 for Both the Electron and Hole Distribu-

tions at (from left to right) 0 = 2.83, 3.73 , 4.20 , and 4.59. Again , the grey scale for
hole plotting is 10 times as sensitive as for the electron. However , for both the darkest
represents “10 or higher ”, so that only the lighter shades are quantitatively meaningful.• At 0 >4.65 , computer simulation shows that the avalanche-generated carriers are
larger than the background doping everywhere.
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Figure 8. Semilogarithmic Plot of the Drain Current vs Time for a
1 pm Gate GaAs FET. Both the drain and gate voltages are stepwise
applied at t=0. The device time constant is determin ed as the semi-
logarithmic slope. The cut-off fr equency 

~T = 1/2 ITT .
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Figure 9. Value f1 Obtained from Computer Simulation Results
(see Figure 8) for GaAs and Si as a Function of the Gate
Length. Experimental data on GaAs FET are shown for
comparison.
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Figure 11. (a) Voltage Waveform of a Ring Oscillator (consisting of
five 1-pm gate inverters) with Circuit Parameters Adjusted for
Optimum Swing. The delay per stage is 35 ps, or 70 Ps if a TTL
configuration is used. (b) voltage waveform of the same ring
oscillator when the logic swing is larger than the pinched-off volt-
age. The time delay per stage is increased due to the dead time
region. The simulated waveform with unequal turn-on and turn-off
is in agreement with experiments.
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Figure 12. (a) Slight Nonuni formi ty  (~.7%) in the Ring Oscillator
Circuit Elements Results in a Sli ght Increase in the Delay Time
and Unequal Voltage Outputs. (h) large nonun i formity (70%)
results in greater distortion of the output voltage waveform.
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Figure 13. Delay Time vs Power in a Ring Oscillator Consisting
of 1 pm Gate Enhancement GaAs PETS . The interconnect
capacitance (C L in Figure 2) of 0.02 pf and the known charac-
teristics of the 1 p m gate FET were used in the calaculation.
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